Background: Streptococcus gordonii, a pioneer colonizer of dental plaque biofilm, expresses surface protein adhesin SspB by which the bacteria bind to salivary agglutinin (gp340). SspB has extensive homology with PAc, a surface adhesin of Streptococcus mutans. Hence, SspB of S. gordonii competes with PAc of S. mutans for the same niche environment in the salivary pellicles. The aim of this study was to develop anti-adherence agents that enabled us to control cariogenic biofilms by using the streptococcal SspB peptide analog SspB (A4K-A11K). Methods: First, we performed ELISA to determine the S. mutans-saliva interaction and saliva-binding activities of SspB (A4K-A11K). The inhibitory effects of SspB (A4K-A11K) were then evaluated by examining S. mutans adhesion to saliva-coated hydroxyapatite disks (s-HA). To determine peptide interference with biofilm formation, S. mutans biofilms were quantified by counting CFUs on MS agar plates and by measuring the absorbance at 492 nm of safranin-stained biofilms on s-HA. Results: Saliva, particularly salivary gp340 peptide, promoted adherence of S. mutans to polystyrene surfaces. SspB (A4K-A11K) significantly bound to saliva and inhibited the adhesion of S. mutans to s-HA without bactericidal activity. Furthermore, biofilms of S. mutans on s-HA were successfully reduced by pretreatment with SspB (A4K-A11K). Conclusion: SspB (A4K-A11K) peptide competitively blocked S. mutans adhesion to experimental pellicles through SspB-gp340 interaction, thereby inhibiting biofilm formation. These findings will contribute to the control cariogenic biofilms.
Introduction
Streptococcus mutans is the predominant etiological agent of human dental caries [1] [2] . Many reports have shown correlations between elevated numbers of this organism in dental plaque biofilms and the presence of caries (reviewed by [3] ). The initial adhesion of S. mutans to salivary acquired enamel pellicles contributes to dental biofilm maturation [4] . S. mutans interacts with salivary proteins, such as innate immunity scavenger receptor glycoprotein-340 (gp340) [5] , by means of the cell surface protein antigen PAc [6] , variously designated as antigen AgI/II [7] , B [8] , P1 [9] , and MSL-1 [10] .
Streptococci compete for adhesion binding sites on the saliva-coated tooth surface [11] . Streptococcus gordonii, a pioneer colonizer of dental plaque biofilms, produces surface protein adhesin SspB by which the bacteria bind to enamel pellicles. SspB, which also interacts with salivary gp340, has extensive homology with PAc in S. mutans [10] [12] ; hence, S. gordonii competes with S. mutans for the same niche environment in the salivary pellicles [11] [13] [14] . Recently, an SspB-derived analogous peptide, SspB (390-T400K-402), which has highaffinity binding to salivary gp340 peptide SRCRP2 [15] , has been shown to competitively block S. mutans adhesion to experimental pellicles, thereby inhibiting biofilm formation [16] .
Salivary gp340 has a high bacteria-binding capacity, and recognizes different bacterial receptors based on whether gp340 is in the fluid phase or is bound to the hydroxyapatite surface [17] . Absorption of this protein onto the surfaces of teeth promotes bacterial adherence, including that of S. mutans. Koba et al. [18] have demonstrated that SspB (A4K-A11K) has the highest binding activity to the salivary components and to SRCRP2 in comparison to several analogous SspB peptides. Therefore, we hypothesized that SspB (A4K-A11K) would be more effective to inhibit S. mutans biofilm formation without antimicrobial activity.
In the present study, to establish an assay that enables us to control cariogenic biofilms, we tested the inhibitory effects of SspB (A4K-A11K) on adherence and biofilm formation of S. mutans. The development of new antimicrobial compounds is essential for oral health research and for oral disease prevention strategies.
Materials and Methods

Bacterial Culture
Streptococcus mutans MT 8148 was maintained in brain heart infusion (BHI) broth or on Mitis-Salivarius (MS) agar plates (Formula/Liter: 15 g Enzymatic Digest of Casein, 5 g Enzymatic Digest of Animal Tissue, 50 g Sucrose, 1 g Dextrose, 4 g Dipotassium Phosphate, 0.075 g Trypan Blue, 0.0008 g Crystal Violet, 15 g Agar, Final pH: 7.0 ± 0.2 at 25˚C) under anaerobic conditions (10% CO 2 , 10% H 2 and 80% N 2 ).
Peptide Synthesis
SspB (A4K-A11K) peptide, DYQKKLAAYQKEL, was constructed by substitution of K (lysine) for A (alanine) at position 4 and position 11 in the consensus sequence of Ssp peptides [18] (Table 1) . Scavenger receptor cysteine-rich domain peptide 2, (SRCRP2), QGRVEVLYRGSWGTVC, on salivary gp340 [19] was used as a salivary component. Peptides were synthesized at 95% purity by Scrum, Inc. (Tokyo, Japan), and suspended in sterile distilled water (DW) at the desired concentration immediately before use.
Human Saliva Collection
As described previously [20] , saliva samples were collected from volunteers in good oral health after stimulation by chewing paraffin gum. Volunteers had refrained from eating, drinking, and brushing for at least 2 h prior to collection. Saliva was placed in ice-chilled sterile bottles for 5 min, followed by centrifugation at 10,000 × g for 10 min at 4˚C in order to remove cellular debris. Supernatants were filter sterilized through a 0.22-µm Millex-GP Table 1 . Amino acid sequences of Ssp peptide substituted with lysine.
Peptide
Amino acid sequence
a Number indicated position in 13 mer amino acids residues. b The substituted amino acid with lysine was indicated in bold.
filter (Merck Millipore, Bedford, MA, USA). After filtration, samples were pooled and stored at −20˚C until use.
Detection of Saliva-Bound S. mutans
To detect saliva-bacterium interactions, S. mutans was biotinylated [21] for enzyme-linked immunosorbent assay (ELISA). Cultures of S. mutans were washed with phosphate buffered saline (PBS). The bacterial cells were then biotinylated by incubation with NHS-LC-Biotin (Pierce) at 100 µg/ml for 1 h at room temperature. After washing with PBS, the bacterial concentration was adjusted to an optical density at 600 nm of 0.4. Ninety-sixwell microtiter H-plates (Sumitomo Bakelite, Tokyo, Japan) were then coated with 100 µl of sterile whole saliva or salivary agglutinin peptide SRCRP2 (200 µg/ml) for 1 h at 4˚C. After two washes with PBS containing 0.1% Tween 20 (PBST), 100 µl of biotinylated S. mutans cells were added and subsequently incubated for 1 h at 37˚C. The wells were then incubated for 1 h at 37˚C with alkaline phosphatase-conjugated streptavidin (Invitrogen, Carlsbad, CA, USA) at a dilution of 1:1000. Subsequently, S. mutans adhered to saliva was detected by chromogenic development using para-nitrophenyl phosphate as the alkaline phosphatase substrate. After development, absorbance at 405 nm was measured and compared with control (non-treatment of saliva).
Peptide Binding Assay
Binding activity of SspB (A4K-A11K) peptide to saliva was detected by sandwich assay as described by Nakai et al. [22] with some modifications. We sandwiched whole saliva between biotinylated and non-biotinylated SspB (A4K-A11K) peptides. Briefly, 96-well microtiter H-plates were coated with SspB (A4K-A11K) (650 μM) overnight at 4˚C. After 2 h blocking at 4˚C with 1% bovine serum albumin (BSA) in PBS containing 1 mM CaCl 2 (Ca-PBS), human whole saliva was added (100 µl per well) and incubated at 4˚C for 1 h. Biotinylated SspB (A4K-A11K) peptide (650 µM) in 100 µl of sterile DW was then applied to the wells; i.e., whole saliva was placed between SspB (A4K-A11K) and biotinylated SspB (A4K-A11K). Reactions were detected using the same ELISA protocol as mentioned above.
Biofilm Formation Assay Using Hydroxyapatite Disks
Biofilm formation assay using hydroxyapatite (HA) disks (10.0 mm diameter and 2.0 mm thickness; HOYA Technosurgical, Tokyo, Japan) as described by Ahn et al. [23] was performed with some modifications. Autoclaved HA disks were placed into 24-well microtiter plates and were coated with sterile whole saliva (s-HA) at 4˚C overnight. After removing the saliva, 300 μl of the SspB (A4K-A11K) peptide solution (650 μM in PBS) was added and incubated for 1 h at 37˚C. After two washes with sterile PBS, 50 μl of S. mutans cell suspension (6.3 × 10 6 CFU) was added with 450 µl of tryptic soy broth without dextrose supplemented with 0.25% sucrose (TSBS) and the culture was incubated anaerobically for 8, 11, or 14 h at 37˚C.
Biofilm Evaluation
The culture medium including planktonic cells and loosely bound cells was removed, and the disks were rinsed with sterile PBS. Each disk was transferred to a conical tube containing 3 ml PBS. The adherent bacteria were detached by sonication using four 30-s pulses at 25 W with three 30-s intermittent cooling stages in an icechilled box. The cell suspensions were serially diluted and plated on MS agar, followed by a 2 day-incubation at 37˚C. The numbers of bacterial colonies were counted and expressed as colony forming units (CFUs). To provide further confirmation, we evaluated biofilms by measuring absorbance of safranin-stained biofilms on s-HA. After anaerobic incubation of S. mutans in TSBS (8, 11 , and 14 h at 37˚C), formed biofilms on the disks were rinsed with sterile PBS and then air-dried. The disks were stained with safranin for 15 min, followed by washing with DW to remove excess dye. The biofilm mass was quantified by measuring absorbance at 492 nm.
Statistical Analyses
Data are expressed as means with standard deviation. IBM SPSS Statistics version 19 (IBM, Co., New York, CA) was used to assess significance. The statistical significance of differences between two groups was determined by unpaired t-tests. When the samples had unequal variances, unpaired t-tests with Welch's correction were used. For comparisons between multiple groups, one-way analysis of variance (ANOVA) and TukeyKramer tests were used. P-values less than 0.01 or 0.05 were considered to be statistically significant using two-tailed comparisons. All experiments were repeated and analyzed independently.
Results
Adherence of S. mutans to Salivary Components
To confirm the reproducibility of the S. mutans-saliva interaction, we performed ELISA where salivary components (whole saliva or salivary agglutinin peptide) were absorbed (Figure 1) . When the wells were coated with the salivary gp340 peptide SRCRP2 (200 µg/ml), the highest adherence of S. mutans was observed of the tested conditions. Adherence of S. mutans to saliva-coated polystyrene plates was significantly higher than in DWcoated plates (control); however, it was lower than in the SRCRP2-coated condition. This suggests that salivary components, particularly gp340, promote adherence of S. mutans to polystyrene surfaces.
Binding Abilities of SspB (A4K-A11K) to Whole Saliva
Koba et al. [18] have demonstrated that SspB (A4K-A11K) peptide has the highest binding activity to salivary gp340 peptide SRCRP2 among several analogous SspB peptides. Hence, we hypothesized that SspB (A4K-A11K) could inhibit S. mutans biofilms by competing for the same niche environment in the salivary pellicle. To assess this hypothesis, we examined the binding properties of the SspB peptide to saliva (Figure 2) . First, a sandwich assay [22] with biotinylated and non-biotinylated SspB (A4K-A11K) peptide was performed to examine the interaction between the SspB peptide and salivary components (Figure 2) . At peptide concentrations of 650 µM (Figure 2(a) ) and 1300 µM (Figure 2(b) ), SspB (A4K-A11K) that had bound to saliva exhibited a positive reaction in the sandwich assay. On the other hand, low reaction levels were observed with BSA, thus suggesting that SspB (A4K-A11K) peptide has saliva-binding ability. We found sufficient saliva-binding ability of SspB (A4K-A11K) at 650 µM (Figure 2(a) ); therefore, SspB at 650 µM was used for further studies.
Inhibitory Effects of SspB (A4K-A11K) on S. mutans Biofilm Formation on Saliva-Coated HA Disks
We next examined whether SspB (A4K-A11K) is a potential inhibitor of S. mutans adherence to saliva and of its biofilm formation; we therefore performed biofilm formation assays using saliva-coated HA disks (s-HA) (Figure 3 ). Biofilms were evaluated by counting CFUs on MS agar plates (Figure 3(a), Figure 3(b) ). Pre-treatment with 650 µM analogue peptide markedly reduced CFU counts compared to non-treatment at all culture times (Figure 3(a) ). Decreased colony numbers on MS agar plates can be observed in photographs of SspB (A4K -A11K) pre-treatment conditions at all culture times (Figure 3(b) ). To provide further confirmation, we evaluated biofilms by measuring the absorbance of safranin-stained biofilms on s-HA (Figure 3(c), Figure  3(d) ). Pre-treatment with the SspB analogue peptide significantly diminished biofilm mass as compared with that of non-treatment groups at all culture times (Figure 3(c) ). Inhibited biofilms on s-HA, stained in light color, can be observed for SspB (A4K-A11K) pre-treatment conditions at all culture times (Figure 3(d) ). Furthermore, growth of S. mutans cultures in BHI was significantly inhibited with chlorhexidine (0.04%) (P < 0.01), whereas the peptide (650 µM) did not affect bacterial growth (data not shown), suggesting that the SspB peptide has no bactericidal effect.
Discussion
Controlling dental plaque bacteria is important in the prevention and treatment of oral diseases. In the present study, we examined the inhibitory effects of SspB (A4K-A11K) on adherence and biofilm formation of S. mutans in order to establish an assay that enables us to control cariogenic biofilms. We demonstrated that the streptococcal peptide analog SspB (A4K-A11K) derived from S. gordonii significantly inhibits cariogenic biofilm development formed by S. mutans (Figure 3) . In addition, SspB (A4K-A11K) did not show bactericidal effects (data not shown) in our preliminary study, suggesting that the diminished biofilms are irrelevant to bactericidal activity. The use of this peptide enables us to control cariogenic biofilm formation without the risk of disruption of oral microbial communities.
SspB of S. gordonii and PAc of S. mutans interact with salivary components including lysozyme [24] [25], amylase [24] , proline-rich proteins, and an agglutinin [26] . Pre-incubations of recombinant PAc (rPAc) with various concentrations of salivary agglutinin peptide SRCRP2 inhibit rPAc binding to salivary agglutinin in a dose-dependent manner, suggesting that the binding sites of PAc for SRCRP2 and agglutinin are identical or at least located in close proximity [19] . Furthermore, SspB (A4K-A11K) peptide has the highest response for binding to salivary components and to salivary gp340 peptide SRCRP2 when compared with other SspBs and streptococcal adhesin-derived peptides [15] [18] . These reports, together with our observations that SspB (A4K-A11K) has binding activity with saliva (Figure 2) , suggest that SspB (A4K-A11K) binds to salivary gp340. We believe that SspB (A4K-A11K) is markedly superior to other SspB-derived peptides with regard to sliva-binding characteristics. Specific salivary proteins adsorbed onto enamel surfaces, e.g. acidic proline-rich proteins [4] and agglutinin [27] , promote the adhesion of S. mutans by providing binding sites for bacterial adhesins. In addition, salivary sIgA, the predominant immunoglobulin found in all mucosal secretions, may promote colonization of certain strains of bacteria [28] . We previously demonstrated that salivary sIgA promotes the initial attachment of S. mutans on the mouse tooth surface [29] . In fact, saliva appears to have a significant impact on S. mutans adhesion to tooth surfaces. The increase in S. mutans binding to saliva-coated wells (Figure 1) suggests that the S. mutans-saliva interaction is reproduced in this assay. Moreover, the increase in the bacterial binding to SRCRP2-coated wells (Figure 1) indicates that S. mutans interacts with salivary gp340. Indeed, rPAc has been demon-strated to bind to SRCRP2 [19] . These findings provide evidence that the S. mutans-saliva interaction observed in this study was not induced by salivary antibodies, but rather by salivary gp340. However, some limitations are worth noting. We did not confirm whether the saliva contains sIgA specific to S. mutans in the present study. This assay needs to be tested further by using sIgA purified from human saliva in order to compare the binding reactions with whole saliva and SRCRP2.
The Streptococcal peptide analog SspB (A4K-A11K) used in our study is constructed with lysine substitutions to express three positive charges, essential for binding to the negatively charged salivary components [16] and gp340 peptide SRCRP2 [18] on the peptide surface. We previously demonstrated that analogous SspB (390-T400K-402) peptide can bind to the major periodontal pathogen Porphyromonas gingivalis by a substitution of lysine for threonine at position 400 of SspB (390-402), and consequently, the adhesion epitope of the peptide to P. gingivalis may be conferred by conformational changes [20] . We proposed a possible application of the analogous SspB (390-T400K-402) peptide to assess the relationships among SspB, P. gingivalis, and salivary gp340 as a unit [20] . Thus, further studies are still required to reveal the potential applications of SspB (A4K-A11K) to oral biology.
Okuda et al. have reported that SspB (390-T400K-402) inhibits adhesion of S. mutans to s-HA beads, while Streptococcus mitis, a major commensal microorganism of the oral cavity of healthy humans, was not affected [16] . This may be explained by the PAc-gp340 interaction being blocked by the SspB peptide. These findings, taking the above results (Figure 1 and Figure 2 ) together, suggest that SspB (A4K-A11K) may be a significant and specific inhibitor for the binding of S. mutans to s-HA by blocking the PAc-gp340 interaction. Provided that the SspB peptide is introduced to the oral cavity, S. mutans may be excluded followed by immediate recolonization of S. mitis on the tooth surface to keep a healthy oral flora, excluding the cariogenic bacteria.
Overall, these results suggest that the inhibitory effects on S. mutans biofilms by using SspB (A4K-A11K) presented herein are due to competitive inhibition of adherence of the bacteria to salivary gp340. Therefore, the SspB (A4K-A11K) peptide binding assay developed here will provide important insights into the development and employment of anti-adherence peptides in future therapies that enable us to control cariogenic biofilms.
Conclusion
Analogous SspB (A4K-A11K) peptide inhibits biofilm formation of S. mutans on saliva-coated hydroxyapatite disks. This is attributed to competitive inhibition of S. mutans adhesion to saliva. This study will contribute to the progress of therapy for oral infections.
